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Abstract The muscle has a wide range of possibilities to
adapt its phenotype. Repetitive submaximal concentric
exercise (i.e., shortening contractions) mainly leads to
adaptations of muscle oxidative metabolism and endurance
while eccentric exercise (i.e., lengthening contractions)
results in muscle growth and gain of muscle strength.
Modified gene expression is believed to mediate these
exercise-specific muscle adjustments. In the present study,
early alterations of the gene expression signature were
monitored by a muscle-specific microarray. Transcript
profiling was performed on muscle biopsies of vastus
lateralis obtained from six male subjects before and in a
24-h time course after a single bout of mild eccentric
ergometer exercise. The eccentric exercise consisted of
15 min of eccentric cycling at 50% of the individual
maximal concentric power output leading to muscle
soreness (5.9 on a 0–10 visual analogue scale) and limited
muscle damage (1.7-fold elevated creatine kinase activity).
Muscle impairment was highlighted by a transient reduction
in jumping height after the eccentric exercise. On the gene
expression level, we observed a general early downregula-
tion of detected transcripts, followed by a slow recovery
close to the control values within the first 24 h post
exercise. Only very few regulatory factors were increased.
This expression signature is different from the signature of
a previously published metabolic response after an inten-
sive endurance-type concentric exercise as well as after
maximal eccentric exercise. This is the first description of
the time course of changes in gene expression as a
consequence of a mild eccentric stimulus.
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Introduction
Exercise induces phenotypical adaptations in skeletal
muscle, which critically depends on specific mechanical,
metabolic, and hormonal responses elicited by the stimulus.
This is illustrated by a different response of mitochondria
and contractile elements in muscles after long-term low-
load high-repetitive “endurance-type” exercise [13] vs high-
load low-repetitive “strength-type” exercise [28, 44].
We have shown that endurance training causes improve-
ments in oxidative metabolic characteristics including
enhanced capillary and myocellular lipid metabolism as
well as changes in glycogen metabolism [37]. Recent
research demonstrates that the mechanisms responsible for
the adaptive processes are reflected by modifications in
gene expression. In particular, it was shown that ribonucleic
acid (RNA) concentrations of mitochondrial transcripts are
increased approximately in proportion to the gain in
mitochondrial volume [33]. The idea of a dominant control
of muscle phenotype through an increase in muscle gene
expression was supported by the group of Pilegaard [31],
who performed nuclear run-on assays after concentric
endurance type exercise. These experiments furnished
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direct evidence of the transcriptional control of RNA
concentrations in training studies. Further evidence came
from Hood et al. [18], who elucidated the mechanisms by
which mitochondrial biogenesis is regulated and integrated
in an exercise setting [31]. Looking at the time course of
the transcript response to a single concentric exercise bout,
Schmutz et al. [37] could demonstrate that a majority of
muscle transcripts were upregulated after 8 h of recovery,
with most transcript levels returning to baseline values after
24 h [37].
In strength training, the dominant phenotypical adapta-
tion of the skeletal muscle tissue consists of an increase in
myofibrils and associated proteins. This is classically
achieved by high-load muscle contractions [36]. More
recently, it was shown that considerable gains in muscle
strength and fiber cross-sectional area can also be achieved
by chronic eccentric exercise (medium-load high-repetitive
negative work=mild eccentric ergometer exercise) [17, 20,
25]. This finding is of great practical implication, as chronic
eccentric exercise could be used as an important mean to
increase muscle performance and muscle mass in situations
where high-load exercise may not be tolerated [27, 38]. The
mild eccentric exercise analyzed in this study circumvents
muscle damage and pain while maintaining the mechanical
stress of the eccentric muscle contractions and its potential
gain in muscle strength. Currently, there are few data on the
molecular mechanisms underlying the phenotypical adapta-
tions to eccentric exercise. Studies using low-repetitive
high-load eccentric exercise indicate that gene transcripts
involved in extracellular remodeling and the inflammatory
response are strongly increased up to 24 h postexercise [7].
The same group showed a direct relation between the
mechanical load and the activation of the inflammatory
response [8]. These results indicate that high mechanical
stress experienced by muscles during heavy eccentric
exercise leads to a specific molecular response, different
to that after concentric exercise but similar in time course.
It was our aim to characterize the specific changes of the
muscle transcriptome to a singlemild eccentric stimulus, which
was previously shown to increase muscle cross-sectional area
and muscle strength, when applied repetitively over longer
time periods [25]. We hypothesized that eccentric exercise
would result in a broad upregulation of transcripts relevant for
the processes initiating muscle growth and improved strength
generation within the first 24 h postexercise.
Materials and methods
Subjects and training intervention
This study was conducted with permission of the Ethics
Committee of Bern, Switzerland, in compliance with the
Helsinki Convention for Research on human subjects. Six
untrained male subjects gave their written consent to
participate in the study. They were recruited to perform a
single bout of chronic negative work (eccentric exercise) on
a custom-built eccentric-bike (e-bike [27, 38]). The e-bike
is driven by a 5-hp motor that regulates pedal revolutions
per minute and torque. The subject had to perform eccentric
muscle contractions by resisting the motor, such that the
applied eccentric torque developed by the leg was equal to
a given target load displayed on a computer monitor.
Anthropometric parameters such as age, height, weight,
lean body mass, and body mass index (BMI) were
determined at the outset of the study. The subjects
performed a VO2max test estimating their maximal concen-
tric power output (Pmax). Two weeks later, they performed a
single eccentric ergometer exercise bout on the e-bike at
50% of their individual Pmax for 15 min (see Fig. 1).
Functional analysis
The creatine kinase (CK) activity in the plasma was
measured before the eccentric ergometer exercise and after
3, 8, 24, 48, and 96 h of recovery. The subjects also
indicated their muscle soreness on a 0–10 visual analogue
scale (VAS) [5] at 3, 8, 24, 48, 72, and 96 h postexercise.
Muscle strength was assessed by counter movement and
squat jumps before and 1 and 4 days after the eccentric
ergometer exercise. A one-dimensional force platform and
associated software (Quattro Jump®, Kistler, Switzerland)
was used to analyze jump parameters.
Muscle sampling
Before the eccentric exercise bout and at 1, 3, 8, and 24 h
postexercise, fine-needle biopsies (14 gauge, single-use
needles; Medilink, Pressagona, Switzerland) were taken
from the vastus lateralis muscle [21] (Fig. 1). Our previous
study of similar design but with concentric exercise [37]
suggested that a gene transcript response to a single bout of
Fig. 1 Experimental protocol
timeline. Muscle biopsies are
taken before and after a single
bout of mild eccentric ergometer
exercise. Delayed onset of mus-
cle soreness (DOMS) peaks be-
tween 24 and 48 h of recovery
from an eccentric single bout
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exercise is completed within 24 h. We therefore stopped
sampling muscle tissue after 24 h. Muscle samples were
immediately frozen in isopentane cooled by liquid nitrogen
and stored in liquid nitrogen until analysis.
Microarray analysis
Total RNAwas isolated from 25 μm cryosections of the muscle
biopsies as described previously [41]. The amount of isolated
RNAwas determined with the Ribo Green assay (Juro Supply,
Lucerne, Switzerland). Subsequently, microarray experiments
were carried out using custom-designed low-density Atlas
complementary deoxyribonucleic acid (cDNA) expression
arrays (BD Biosciences, Allschwil, Switzerland) as described
[9]. The array held 231 double-spotted probes of human
cDNAs associated with particular aspects of skeletal muscle
function. Additionally, cDNA probes for an internal reference,
18S ribosomal RNA (rRNA), were included on the array.
Batches of five samples (all five time points of one individual)
were processed simultaneously. 32P Deoxyadenosine triphos-
phate (dATP)-labeled cDNA was generated from 1.2 μg of
total RNA by using the 231 gene-specific primers supplied.
Probe synthesis for the measurement of the internal 18S rRNA
reference was carried out in parallel. Total RNA (0.3 μg) of
each sample was, respectively, run for the generation of
32P dATP-labeled cDNAwith a specific primer for 18S rRNA.
Arrays were hybridized with a mix of total cDNA and 18S
cDNA diluted 1:1800. After 7 days of exposure, a phosphor
imager (Molecular Dynamics, Sunnyvale, CA) was used to
detect signal intensities.
Array evaluation
A template was created using the AIDA Array Metrix
software (Raytest Schweiz AG, Urdorf, Switzerland). The
raw signals, given as the sum of pixel intensities, were
determined from the average signal intensities of the two
corresponding dots. This mode calculates the average pixel
intensity in a ring around each spot. The background
intensity was estimated from 54 dots on each array.
Transcripts were considered “detected” when the
corresponding signal intensity was 30% above background
in at least four of the six possible filter hybridizations for
one time point. Microarray and detection procedures were
identical to those used by Schmutz et al. [37].
Statistical analysis
Raw data were background-corrected and logarithmized to the
base of 2. Standardization was performed by subtracting the
18S rRNA from the value of each transcript. Standardization
to 18S rRNA values was chosen because rRNA represents a
major portion of the total RNA (i.e. ~27%) [12, 24].
To determine whether a signal of a particular messenger
RNA (mRNA) was significantly (p≤0.05) different or
showed a tendency (0.05<p≤0.1) throughout the time
course, each detected gene was tested with the Friedman
analysis of variance (ANOVA; Statistica 6.1; StatSoft
[Europe], Hamburg, Germany). The nonparametric Friedman
ANOVA was used to account for the paired design of the
sampling. To identify significant differences between before
and after the single exercise bout, the paired Wilcoxon test
was applied (p≤0.05). No adjustments were made for
multiple testing. The results were validated with the L2
permutation regression analysis whereby expressional
changes were identified as outliers to a linear regression
line in scatter plots. Raw values of all detected gene
transcripts were included in this analysis. This approach is
justified by the robust-linear relationship between RNA
expression levels from different individuals [14]. While the
Friedman ANOVA is based on a paired comparison of the
value of each time point to the prebiopsy value, the L2
regression is a compound analysis of all time points in a
single regression.
The physiological variables of this study (CK activity,
evaluation of muscle soreness [VAS] and jump height in
the squat and counter movement jump [CMJ]) were
analyzed using a nonparametric ANOVA with a Wilcoxon
post-hoc test. Significance was accepted for p≤0.05 for all
variables.
Results
Physiology
Subjects were of age 22±2.6 years (mean±SD), height
176.8±6.7 cm, weight 69.9±12.3 kg, lean body mass 61.5±
7.4 kg, BMI 22.3±3.0 kg/m2, VO2max 45.1±6.0 ml min
−1
kg−1, and Pmax 260±31 W/kg. After the eccentric ergometer
exercise bout, all six individuals showed a significant
reduction in the jumping height of the CMJ (−6.4%) 24 h
postexercise but recovered to normal levels after 96 h
(+8.8% higher than value after 24 h). The decrease in squat
jump height did not reach the level of significance 24 h
after the eccentric exercise bout (−2.4%) but was signifi-
cantly higher after 96 h compared to the value after 24 h
(+5.4%), indicating a similar trend as seen for the CMJ
(Table 1).
CK activity was significantly increased until day 2 after
the eccentric exercise (see Table 1). However, CK values
were not altered to the same extent as observed after more
intense eccentric exercise [8]. A VAS for muscle pain
showed a strong induction of delayed onset of muscle
soreness (DOMS) that peaked between 24 and 48 h and
stayed elevated until day 4 (see Table 1).
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Microarray analysis
Microarray analysis of 231 gene transcripts yielded a total
of 147 detected gene transcripts. The time course of these,
when analyzed together, showed a significant down-
regulation (Fig. 2). From the 147 detected gene tran-
scripts, 80 turned out to have significantly changed
throughout the time course (Friedman ANOVA). Out of
these 80 transcripts, 58 were significantly changed at least
at one time point throughout recovery (Wilcoxon test).
Only seven of these were upregulated, while 51 were
downregulated (Table 2). The downregulation of most of
these transcripts was apparent already after 1 h postexer-
cise and lasted over the entire observation period of 24 h.
Expression levels of many early downregulated mRNAs
were significant higher at 24 than 1 h postexercise (see
Table 2). This is indicative for the recovery of the overall
gene transcript levels (Fig. 2). A few regulatory factors
were upregulated. Among these, we found an early
induction of mRNAs for c-jun and ubiquitin C (UBC)
1 h post exercise. Later, between 3 and 24 h postexercise,
mRNA levels for myogenic factor 6 (MYF6), cyclin-
dependent kinase inhibitor 1A (p21), tubulin alpha 1
(TUBA1), insulin-like growth factor binding protein 4
(IGFBP4), and interleukin 6 receptor (IL6R) were en-
hanced. All changes observed in transcript levels were
validated, using the permutation-based L2 regression analysis
(see supplemental Table 2). A close match between the two
statistical analyses was found.
Discussion
Study limitations
An important limitation of this study is the relatively low
number of subjects (n=6) that could be included. It
therefore seemed justified to use a relatively “coarse-
grained” statistical approach (the Friedman ANOVA) to
describe the dominant effects of the eccentric training
intervention. This was done in particular with regard to the
companion study on concentric exercise where the same
number of subjects performed a concentric exercise and
biopsies were analyzed with the identical molecular and
statistical procedures. To have a more detailed view of
potential changes related to our experimental intervention,
we carried out a more sensitive analysis (L2 regression
analysis with corrections for false discover rate) in addition
to the Friedman ANOVA [12]. We have previously used
this technique to identify muscle transcript level changes in
a microarray study of a rat soleus muscle subjected to
hindlimb suspension and subsequent reloading [14, 41].
The L2 regression analysis detects 90 transcripts that are
significantly altered throughout the time course. This is a
higher number than with the nonparametric Friedman
ANOVA (58 transcripts). It shows a broadly similar
signature of transcript level responses as the Friedman
ANOVA but with a potentially higher resolving power. We
find that the L2 regression analysis confirms and extends
the Friedman ANOVA results and may allow for a finer
grain view of the transcriptional events.
Table 1 Physiological results
Time point (h) 0 3 8 24 48 72 96
SJ (height in cm) 41±5.9 40.5±4.4 42.7±5.1a
SJ (Pmax in W/kg) 50.2±3.2 47.4±2.9 51.0±3.1
a
CMJ (height in cm) 43.5±3.6 40.7±3.1a 44.3±1.7a
CMJ (Pmax in W/kg) 48.6±2.8 46.7±2.4
a 49.7±2.3a
CK in blood (U/I) 91.5±26.5 122.1±21.8a 150.6±47.7a 152.0±58.1 128.8±34.4a 82.4±14.2
VAS (0,10) 0.3±0.2 1.5±1.0a 2.7±2.9a 5.9±1.4 5.6±4.2 3.0±1.2 1.5±1.1
Mean of height, Pmax of squat jump (SJ), and counter movement jump (CMJ) ± standard error are given. Characteristics of DOMS: Creatine
kinase (CK) activity and visual analogue scale (VAS). Significantly changed values from one time point to the other are marked with a
superscripted “a”
Fig. 2 The overall gene response. Median values and 95% confidence
intervals of all detected gene transcripts, relative ratio (in percent) of
the different time points (1, 3, 8, and 24 h postexercise) to the
prebiopsy. Friedman ANOVA shows a significant effect of time (p=
0.013), Asterisk, significant downregulation compared to previous
value (p<0.05)
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Table 2 Effect of an eccentric
single bout on the gene tran-
script signature
Median values of 18S standard-
ized transcript levels relative to
the prebiopsy and the 1-h biopsy,
respectively, are indicated.
When the field is blank, the gene
is not detected. Normal gene
name: significant changes
throughout the time course;
Italic gene name: tendency in
the time course. Significant
downregulated gene transcripts
(p≤0.05) are indicated in gray
and significant upregulated gene
transcripts in black
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mRNA decline after mild eccentric exercise
The prominent finding of this study is a gene response
characterized by a general decline of muscle-specific
mRNA concentrations right after the exercise, followed by
a recovery of transcript levels close to control values within
24 h.
There are two basic mechanisms that can influence
mRNA levels: transcription, which is generally under
positive control, and mRNA degradation, which is related
to prior translation of the mRNAs [35]. The fast and
substantial suppression of most mRNA levels could thus be
explained by a lack of de novo synthesis of mRNAs and by
an increased degradation (see also discussion of UBC
regulation below). An early decline in mRNA concentra-
tions at 1 h has been observed before [37], but mRNA
concentrations of metabolic factors were subsequently
increased 8 h postexercise. The observed low mRNA
concentrations at 8 h in the present study seem to be a
consequence of a different time course of transcription-
related accretion and translation-related degradation of
mRNA. Both concentric and eccentric resistance exercises
lead to an increase in muscle protein synthesis 3 h after
exercise bouts [30]. There is evidence suggesting a
protection of mitochondrial RNAs from degradation after
high-repetitive low-load contractions [42]. In the eccentric
experiment, mRNA concentrations remained low at a time
(8 h), when there was an expected enhancement of mRNA
transcription [7].
Upregulated gene transcripts
The upregulation of a few gene transcripts points to the
activation of distinct biological processes are as follows.
Myogenesis Several of the observed cell-regulatory
RNAs relate to myogenesis. The immediate upregulation
of c-jun and UBC represents its de novo RNA synthesis,
which was shown to occur in many cell types after stress
[22]. Upregulation of c-jun induces a partial activation of
the cell cycle (G1) via the c-jun NH2-terminal kinase
pathway. This finding relates to the transient elevation of
the myogenic factor MYF6 (also called MRF4) mRNA
after 3 h (see Table 2) and the temporary increase in this
mRNA 2–4 h after single-resistance exercise [43]. The
transcripts for other myogenic master regulators, MYOD1
and myogenin, were not altered in our study (Table 2 and
supplemental Table 2). We therefore view this signature of
response as a partial activation of the myogenic pathways.
The upregulation of IGFBP4 and downregulation of
IGFBP5 expression reproduces the effect of muscle loading
in rodents [1, 9]. This conserved response indicates that the
muscle hypertrophy-associated IGF-1 system [3, 32] is
subjected to a complex regulation in higher vertebrates.
This finding coincides with the upregulation of the cyclin-
dependent kinase inhibitor p21. Changes in the p21 mRNA
after resistance exercise are coregulated with IGFBP4
mRNA changes and related to cytoskeletal remodeling
with muscle differentiation, which is indicated by the
upregulation of TUBA1 mRNA 24 h after the eccentric
exercise [4, 39]. Our observation of an early rise in UBC
mRNA is compatible with other studies, which showed an
increase in UBC mRNA and protein levels after eccentric
exercise [40]. These authors suggested that these changes
were responsible for the observed increase in muscle
proteolysis, as this was also indicated in another eccentric
study with high exercise intensity [11]. The more than
twofold upregulation of UBC mRNA in the current study
points to enhanced tagging of proteins for proteolytic
degradation by the proteolytic ubiquitin pathway. It is
possible that enhanced protein degradation could also
include degradation of muscle-specific mRNAs and explain
our results [6, 16].
Damage The low increase in CK activity points to a
moderate damage response to the eccentric ergometer
exercise. This may suggest a low level of cell infiltration.
We do, however, not observe a mRNA response of
interleukin (IL) 6 and Tenascin-C, both markers of muscle
damage [14, 29]. This relates to the grading of the
inflammation response with respect to muscle damage and
elevated CK values after mild and hard eccentric protocols
[8]. Instead, we see an upregulation of the mRNA for the
IL6R. This puzzling observation implies that altered
expression of IL6 receptor has to be considered for
interpretations on damage-induced IL6 signaling after
eccentric contractions [23].
Gene signature comparisons
In a previous study, we investigated the gene expression
signature after concentric exercise with an identical micro-
array technology and statistical analysis (Friedmann
ANOVA) [37]. Although this concentric exercise was
performed at different duration and intensity, it allows us
to compare these exercises with minimal uncertainties
introduced by the technical procedures. Moreover, the
initial load of the two training sets, when applied and
adapted over a longer time period, would result in a specific
and measurable training response [25, 37]. This comparison
is interesting because eccentric contractions require less
motor unit activation and consume less oxygen and energy
for a given muscle force than concentric contractions [27].
They therefore represent training modalities with a different
application profile. Schmutz et al. [37] showed that
concentric exercise induces an upregulation of several
metabolic pathways including glycolysis, beta-oxidation,
respiration, the Krebs cycle, and detoxification, after an
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initial (1 h) decline in mRNA levels [37]. This upregulation
was not observed in the current study (see supplemental
Table 2). It thus seems that the metabolic stimulus of the
eccentric exercise was not sufficient to induce upregulation
of these pathways involved in aerobic energy generation
and mitochondrial biogenesis. This finding is consistent
with our findings showing mRNA for cytochrome c
oxidase subunit IV to be significantly downregulated after
eccentric and upregulated after concentric type of exercise
in stable coronary artery disease patients [44]. We only
found evidence for a slight mitochondrial reaction. The L2
regression analysis detects weakly upregulated mRNA
levels of cytochrome c oxidase subunit 5b, cytochrome c
oxidase 1, and cytochrome c.
Our observations also contrast with the findings from
Chen et al. [7], who investigated the gene response to
maximal low-repetitive eccentric exercise in humans with an
Affymetrix Human Genome microarray. This investigation
found no consistent downregulation of any gene transcript
but showed a limited increase in expression of gene
transcripts involved in the inflammatory response, e.g., IL1
receptor and Tenascin-C. Eccentric exercise is also associated
with exercise-induced muscle damage, proteolysis [11], and
increased serum levels of IL6 [8, 29] and CK [8]. This
supports the idea that maximal eccentric exercise leads to
mechanical damage of myofibers and the stimulation of an
inflammatory response in a load-dependent manner. Because
we did not observe markers of muscle damage, we suggest
that the mechanical load was not high enough to activate a
more pronounced inflammatory response.
Events underlying muscle hypertrophy
The molecular observations in the eccentrically challenged
vastus lateralis muscle are astonishing with regard to the
observed hypertrophy response to the same type of
exercise, when carried out repetitively. It was shown that
8 weeks of mild eccentric exercise lead to an increase in
capillary-to-fiber ratio of 47% and fiber cross-sectional area
of 52% [25].
Based on the results of the Friedman ANOVA, we have
to revise the hypothesis of a general upregulation of
transcripts relevant to muscle growth. The early selective
upregulation of c-jun and MYF6 suggests a mechano-
dependent activation of some aspects of myogenesis. A
load-dependent activation of jun pathway in situ [26] and
c-jun expression in myonuclei and interstitium has been
seen before with running exercise with a high component of
eccentric loading [34]. This notion of an activated myo-
genesis was also corroborated by the results of the L2
regression analysis, which identified enhanced amount of
myogenic factor MYF4 and desmin mRNA. High-load
single bout of eccentric exercise was shown to increase
mRNA levels of the myogenic factors MYF6, MYOD, and
myogenin in humans [43]. This statistical test indicating
enhanced message for the ribosomal proteins (RPS9 and
RPS29) and 18S and 28S ribosomal RNAs after 8 and 24 h
(see supplemental Table 2) also provided circumstantial
evidence for activation of protein translation. This finding
points to the key role of muscle loading as a trigger for
protein synthesis [19] and the suggested enhanced ribosome
number after a 2-month period of eccentric training [15].
The latter observations may be indicative of an elevated
translation capacity after eccentric exercise and thus
eventually explain part of the observed decline in mRNA
levels. In support of this, it was found that eccentric
contractions are more effective than concentric contractions
in stimulating protein synthesis [2, 10]. Thus, we conclude
that there is some molecular evidence for a transcriptional
basis of the elevated protein synthesis with eccentric
ergometer exercise, which critically depends on the applied
mechanical load.
Conclusion
In this study, we investigated the temporal response of
muscle gene expression to a single bout of mild eccentric
ergometer exercise. We had to revise our hypothesis that we
could identify a major upregulation of transcripts relevant for
processes supporting muscle growth within the first 24 h of
recovery. Instead, we found that the mRNAs of almost all
important muscle regulatory gene transcripts are significantly
downregulated and take close to (or more than) 24 h to
revert to pre-exercise values. This study demonstrates for the
first time that mild eccentric exercise has a molecular
signature distinctly different from intensive concentric
exercise as well as from maximal eccentric exercise.
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